Introduction
Infection by parasites and pathogens is costly for hosts, causing loss of nutritional resources, reproductive potential, tissue integrity and even life. As a consequence, animals have evolved behavioural and immunological strategies to avoid infection [1, 2] . While immunological defences provide the primary defence against infection and disease development after pathogen exposure, behavioural defences play an important role in the avoidance of exposure to parasites and pathogens [2] . Most documented protective behaviours involve avoidance of unequivocally negative stimuli: parasites and pathogens, faeces, dead conspecifics. Targeted avoidance of diseased individuals should also be effective in minimizing the exposure to directly transmitted pathogens [3] , and there is evidence that lobsters and bullfrog tadpoles use chemical cues to avoid contact with infected individuals [4, 5] . However, we do not know whether birds or mammals use information about the current infection status of conspecifics to avoid pathogen exposure (but, see [6] ).
Behavioural defences that minimize exposure to directly transmitted pathogens entail costs as a result of forgoing the benefits of social interactions (i.e. reproduction opportunities, improved foraging and decreased predation risk) [7] . Likewise, immune defences are costly in terms of energy expenditure, nutrient use, behavioural changes and risk of physical damage or death from an overactive or misdirected immune response [8, 9] . This suggests that organisms should benefit from balancing investment in immunological and behavioural disease defences, because both entail costs but serve a common function [10] . If this is so, then individuals engaging in high-risk behaviours should compensate for increased infection risk with heightened immune function. In order for individuals to balance investment in behavioural and immunological disease defences in a social context, individuals must be able to recognize and avoid diseased conspecifics, and individuals that show heightened behavioural defences should show attenuated immune defences.
We know of no study that has shown that birds avoid individuals showing signs of disease. Therefore, we gave house finches a choice between spending time near an individual displaying sickness behaviours (the 'sick' partner) and an individual not displaying sickness behaviours (the 'healthy' partner). We show that focal individuals avoid sick partners, but that there is individual variation in avoidance behaviour. We then test whether immune function is inversely related to avoidance of sick partners; we show that individuals with weaker behavioural defences exhibit stronger immune defences and vice versa.
Material and methods
We conducted 26 trials to examine whether focal individuals preferred to associate with sick or healthy social partners. The experimental arena consisted of three adjacent cages, allowing individuals to interact without physical contact. In each trial, two partners (one sick and one healthy) were placed in individual cages on either side of a unique focal individual (figure 1); all individuals were male. One partner was challenged with 50 ml Complete Freund's Adjuvant (CFA, Sigma-Aldrich, St Louis, MO, USA) injected intra-abdominally (hereafter, the 'sick' partner), which induces a behavioural and physiological sickness response (see the electronic supplementary material, S1). The other partner was mock-challenged (handled, not injected; hereafter, the 'healthy' partner).
Trials were video recorded, and the time focal individuals spent in proximity to each partner was scored. Association and avoidance (table 1) were scored for randomly chosen 2 min periods before onset, after onset and at peak sickness behaviour (0-30 min, 1-2 h, and 3-4 h post-challenge, respectively). The following day, focal individuals were CFA challenged to elicit an immune response; blood samples were collected 24 h later. Blood samples were collected from 14 individuals, using heparinized microcapillary tubes, within 20 min of entering the room where birds were housed. Plasma was isolated from blood samples by centrifugation and used to measure levels of PIT54 acute-phase protein and natural antibodies as previously described [11] (see the electronic supplementary material, S1); PIT54 binds free haemoglobin, depriving pathogens of iron and decreasing their ability to colonize host tissues [12] while natural antibodies are produced without prior pathogen exposure, serving as innate pathogen recognition receptors [13] .
To test whether focal individuals had an innate side preference (compared with random chance), we used a two-sided x 2 -test. To test whether focal individuals preferentially associated with healthy partners, we used a two-sided x 2 to compare observed preferences to those expected by chance. To test whether immune function varied with avoidance of sick individuals, we used Wilcoxon rank tests. To test whether strength of avoidance related to immune function, we used Wilcoxon rank tests to test for differences in immune function between 'quick' and 'slow' avoiders (table 1) . For further details on analysis and sickness behaviour, see the electronic supplementary material, S1.
Results
Focal individuals did not exhibit an innate side preference (
Nor did more focal individuals associate with healthy social partners before the onset of sickness behaviour (x 2 ¼ 0.398,
-test) than expected by chance (figure 1). However, at peak sickness behaviour, significantly more individuals associated with healthy partners than expected by chance ( 
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To assess immunity, we compared two functional endpoints in avoiders and non-avoiders: the level of circulating natural antibody against a foreign red blood cell (indicating constitutive investment in immune surveillance [13] ), and the level of a major acute-phase protein (PIT54, indicating investment in immune defence resulting from a challenge [12] ) (table 2 and figure 2). There was no difference in either measure in focal individuals that had not avoided sick partners when compared with those that had prior to the onset of sickness behaviour. However, after the onset of sickness behaviour avoiders had lower natural antibody and PIT54 levels than non-avoiders. The difference was not significant for natural antibodies at the peak of avoidance; however, this may be due to small sample size (during peak sickness behaviour only two individuals in which immune function was measured were non-avoiders) rather than to lack of a biological difference (agglutination scores were 25% lower on average in non-avoiders than avoiders). Furthermore, quick avoiders exhibited a trend towards lower natural antibody levels than slow avoiders (x 2 ¼ 3.41,
Discussion
We show for the first time that an avian species avoids individuals exhibiting sickness behaviours, that there is individual variation in avoidance, and that those individuals that exhibit avoidance behaviours invest less in certain aspects of innate immune function compared with individuals that do not. Individuals avoiding sick conspecifics invested less in constitutive (natural antibodies) and inducible (PIT54) aspects of innate immune function, potentially decreasing their ability to avoid pathogen colonization upon exposure. Sickness behaviour is likely to provide an especially salient cue for avoidance of infectious individuals, allowing susceptible individuals to avoid a wide range of pathogens. Furthermore, behaviours, including disease defence behaviours, are among the most flexible characteristics of organisms [14] . In contrast, while not inflexible, the functioning of the immune system appears intricately linked with various aspects of host ecology, including life-history strategies (i.e. the balance of investment in current reproduction versus self-maintenance) and species sociality [15] [16] [17] . The relatively plastic and broad-spectrum nature of behavioural defences suggests that they should be particularly useful during the emergence of novel pathogens. However, we expect the relative importance of disease defence strategies to be dynamic and to vary with host-pathogen coevolution. For example, the evolution of pathogen strategies to minimize behavioural changes in their host during infection (e.g. by minimizing the inflammatory response) could temporarily decrease the effectiveness of certain behavioural disease defences. While we expect a similar relationship between immunological and disease defence strategies in a range of taxa, the importance of various strategies should vary by species. For example, behavioural defence strategies in nonsocial species may focus on minimization of pathogen exposure during habitat exploration rather than variation in sociality.
Our work suggests that the relationship between behaviour and immune function is more complex than previously thought, and demands closer attention to understand the ramifications of individual behavioural and immunological variation for wildlife disease ecology. Future work should investigate the mechanisms underlying the relationship between pathogen defence strategies. Steroid hormones could underlie this relationship as they influence both behaviour and immune function [1] (for further discussion of potential mechanisms, see [18] ). Interestingly, the relationship between steroid hormone levels and immune function is not consistent between or even within species [19] ; if steroid hormones are the mechanism linking behavioural and immune disease defences, this relationship may help explain these inconsistencies. Future work should further investigate the relationship between behavioural and immunological disease defences and individual variation in the use of these strategies. We expect the relative costs and benefits of these strategies to vary with individual characteristics, such as age, sex and life-history stage. For example, male house rsbl.royalsocietypublishing.org Biol Lett 9: 20120856 finches preferentially forage near sick conspecifics as they initiate fewer energetically costly aggressive interactions; females, who experience no difference in aggression rates, show no such preference [6] . Thus, different segments of the population are expected to favour different balances of disease defence strategies; in general, individuals that have more to gain from social interactions should favour investment in immune defences. Under these circumstances, variation in disease defence strategies between population segments (variation that can alter transmission and recovery rates) should have important implications for which segments of the population are most affected by emerging pathogens, for the dynamics of pathogen spread through populations, and ultimately for the course of epidemics. The incorporation of this variation into models of wildlife disease dynamics will provide more accurate models of disease emergence and spread, deepening our understanding of disease dynamics in wild populations and improving our own ability to cope with threats from endemic and emerging pathogens.
